Introduction {#Sec1}
============

Bipolar hemiarthroplasty (BHA) was initially used to treat displaced femoral neck fractures in elderly patients \[[@CR1]\], and several series have demonstrated predictable pain relief, better functional outcomes, and fewer reoperations \[[@CR2], [@CR3]\]. BHA has been gradually applied to osteonecrosis (ON) of the femoral head \[[@CR4], [@CR5]\], and it is sometimes used for treating ON patients in Japan. The prosthesis consists of two articulating surfaces: one between the femoral head and polyethylene liner and one between the metallic shell and acetabulum. In theory, BHA has an additional articulating joint within the head, thereby allowing movement to occur both at the prosthesis acetabular interface and within the prosthesis. In addition, the metallic shell has a large diameter; therefore, BHA was thought to have an advantage in improving stability of the prosthesis and resistance to dislocation. In fact, Parvizi et al. reported that BHA was used successfully in treating recurrent instability after total hip arthroplasty (THA) \[[@CR6]\]. However, the published incidence of dislocation after BHA has a wide range from 1 to 15 % \[[@CR7]--[@CR9]\], and when this complication has occurred, the risk of recurrent dislocation was high \[[@CR10]\]. Reports of dislocation after BHA abound in literature, and several studies have mentioned the factors that are associated with an increased risk of dislocation such as surgical approach, patient-related factors, and implant malpositioning \[[@CR1], [@CR4], [@CR11]\]. However, no reports have detailed the mechanism of dislocation and the optimal setting of a femoral implant in BHA.

Nowadays, preoperative planning is often carried out, and computer simulation analysis is used by several investigators to predict optimal implant settings and to analyze the range of motion (ROM) in THA \[[@CR12]--[@CR15]\]. In this study, we took a subject-specific approach to evaluate the pattern of impingement and the influence of femoral antetorsion on restricting hip ROM after BHA using computed tomography (CT)-based three-dimensional (3D) dynamic motion analysis.

Patients and methods {#Sec2}
====================

In our institute, BHA was performed for specific patients because we think it is a reasonable alternative for the treatment of ON even in a young patient \[[@CR5], [@CR16]\]. In this study, we reviewed a total of 60 patients (60 hips), including 31 men and 29 women who underwent BHA for the treatment of idiopathic osteonecrosis (ION) of the femoral head. The mean age at surgery was 48.6 years old (24 \~ 74 years old). The diagnosis of ION was based on the clinical presentation and imaging studies, including plain radiographs and MRI findings \[[@CR17]\]. The classification according to the Japanese Investigation Committee of Health and Welfare \[[@CR18]\] was stage 3B in all patients, which represented the collapse of the femoral head more than 3 mm. We excluded patients who had undergone previous surgery from the present study. A subset of patients with complete implant data was reviewed for sizing in 3D motion analysis. All patients had a preoperative CT scan of their hip joint, from the anterior superior iliac spine (ASIS) to the knee joint through the distal femoral condyles using a 320-row multi-detector helical CT scanner (Aquilion ONE, Toshiba Medical healthcare, Tochigi, Japan) (detector configuration: 80 × 0.5, beam collimation: 40 mm) with a reconstructed slice width of 1.00 mm and a slice interval of 1.00 mm. The CT data were transferred to the planning module. Ethics approval was granted by the Institutional Review Board of Hiroshima University.

Three-dimensional motion analysis {#Sec3}
---------------------------------

A computed tomography-based simulation software (ZedHip Lexi Co., Ltd., Tokyo, Japan) \[[@CR19]\] was used to create virtual 3D bone models and to perform virtual simulations of the femoral cut and implant setting, using the preoperative BHA planning mode. This software allows for the generation and separation of independent femoral and acetabular 3D models.

Based on a CT scan of the pelvis and femur, the reference points were firstly digitized, then, a 3D reconstruction of the bone model was made semi-automatically. If there was noise, the latter was revised manually. Next, the size of the implants and their 3D orientation relative to the host bones were planned, and implantation was performed in a multi-planar reconstruction (MPR) view. This software enables the simulation and calculation of the ROM until contact occurs between the bones and component. It also visualizes the site of impingement in 3D axial/sagittal/coronal views of MPR images (Fig. [1](#Fig1){ref-type="fig"}). The pelvic coordinate system was the functional pelvic plane, and the femoral coordinate system was defined by the center of the femoral head, the knee center, and both femoral condyles. The antetorsion angle of the femoral neck to the transepicondylar axis of the knee was measured as a parameter of the native antetorsion on the axial plane in the simulation.Fig. 13D simulation of hip ROM and detection of impingement site in BHA. Neck of femoral implant impinges on posterior edge of acetabulum in external rotation with 10° extension. **a** Coronal view. **b** Sagittal view. **c** Axial view. **d** 3D model

Implant setting {#Sec4}
---------------

The simulated implant was the TAPERLOC® Complete stem with a 28-mm-diameter alumina head, a neck of standard length, and a Ringloc Bipolar shell with a PE insert (Biomet, Warsaw, USA) in all cases. The femoral implant size was chosen to maximize both fit and fill in the femoral metaphysis under the consideration of the implant size used in the operation. The bipolar shell size was also chosen to maximize both fit and fill in the femoral head under the consideration of the shell size used in the operation. As for the position of the implant, the shaft axis of the femoral implant was placed in the center of the original femoral diaphysis, while anteversion was set to be the same as the femoral neck's anatomical rotation in all cases. The bipolar shell position was determined to be the place at the site of the original femoral head. Any acetabular osteophytes that were attached to the acetabular bony rim were removed.

Calculation of the ROM and impingement site {#Sec5}
-------------------------------------------

The pelvis was fixed in space, while the femur was free to translate in all directions but was constrained to rotate around the center of rotation of the hip. The computer software was capable of detecting both bone to bone and bone to implant impingement, which allowed the maximum ROM to be defined as the degrees of movement before impingement occurred. The location of this impingement on both the femoral and acetabular sides, as well as the position of the femur in space relative to the fixed pelvis, can be also defined in the model. Based on this computerized analysis, the ROM was measured in those directions that are important for dislocation and activity of daily life (ADL): flexion (Flex) with 0° of adduction and internal rotation, internal rotation (Int-R) in 90° of flexion with 0° of adduction, and external rotation (Ext-R) in 10° of extension with 0° of adduction.

Evaluation design {#Sec6}
-----------------

To evaluate the pattern of impingement and the relationship between femoral antetorsion and ROM, three evaluations were performed in this study:Analysis of the pattern of impingement after BHA.Analysis of the relationship between ROM and femoral antetorsion.We defined the low angle of antetorsion of the femur (≦10°) and the high angle of antetorsion of the femur (≧25°) according to the previous report \[[@CR20]\]. We compare the ROM among patients with a low angle of antetorsion of the femur (≦10°) (low-antetorsion group), normal-antetorsion group (10°\<, \<25°), and a high angle of antetorsion of the femur (≧25°) (high-antetorsion group).

Statistical analysis {#Sec7}
--------------------

All data were expressed as mean ± standard deviation (SD), and statistical analysis was performed using Stat-View-J version 5.0 software (Hulinks, Tokyo, Japan). The correlations were evaluated using Pearson's chi-squared test. A *P* value of less than 0.05 was considered statistically significant.

Results {#Sec8}
=======

The mean femoral antetorsion was 12.2° ± 8.3° in men and 23.8° ± 9.7° in women. There was a significant difference between the antetorsion of men and that of women. There was no significant correlation between femoral antetorsion and age or height. However, there was a significant negative correlation between femoral antetorsion and the stem or cup size (Table [1](#Tab1){ref-type="table"}).Table 1The relationship between femoral antetorsion and each parameter*P* value*r*Age0.19−0.17Height0.12−0.2Stem size\<0.05−0.29Cup size\<0.05−0.42

Analysis of the pattern of impingement after BHA {#Sec9}
------------------------------------------------

Impingement occurred in two ways: bone to bone impingement and implant to bone impingement. In Flex, bony impingement occurred in all cases. In 51 of 60 cases, the anterior aspect of the greater trochanter or femoral neck at the cutting point impinges on the anteroinferior edge of the anteroinferior iliac spine (AIIS), and in the remaining of 9 cases, the femoral shaft impinges on the ASIS (Fig. [2a, b](#Fig2){ref-type="fig"}). In Int-R, the anterior greater trochanteric region of the femur or femoral neck at the cutting point impinges on the anteroinferior edge of the AIIS in all cases (Fig. [2a](#Fig2){ref-type="fig"}). In Ext-R, bony impingement---posterior aspect of the greater trochanter impinges on the ischial bone---occurred in 46 cases (Fig. [2c](#Fig2){ref-type="fig"}) and implant to bone impingement---posterior aspect of the implant neck impinges on the posterior edge of the acetabulum---occurred in the remaining of 14 cases (Fig. [2d](#Fig2){ref-type="fig"}).Fig. 2Pattern of impingement after BHA. **a** Bony impingement (femoral neck impinges on the AIIS). **b** Bony impingement (femoral shaft impinges on the ASIS) **c** Bony impingement (posterior aspect of greater trochanter impinges on the ischial bone). **d** Implant-bone impingement (implant neck---posterior part of the acetabulum)

Analysis of the relationship between ROM and femoral antetorsion {#Sec10}
----------------------------------------------------------------

The mean ROM in simulation was 114.1° ± 10.1° in Flex, 31.1° ± 15.1° in Int-R, and 62.8° ± 10.3° in Ext-R. There were positive correlations between the femoral antetorsion and the ROM of Flex (*R*^2^, 0.39; *P* \< 0.0001), and an even stronger correlation between the femoral antetorsion and the ROM of Int-R (*R*^2^, 0.62; *P* \< 0.0001), respectively (Fig. [3a, b](#Fig3){ref-type="fig"}). Whereas, there was negative correlation between the femoral antetorsion and the ROM of Ext-R (*R*^2^, 0.50; *P* \< 0.0001) (Fig. [3c](#Fig3){ref-type="fig"}). Some cases produced results of a maximum of 10° in Int-R, especially in cases with excessively low femoral antetorsion (Fig. [3b](#Fig3){ref-type="fig"}). When the site of impingement was plotted to the previous graph (Flex-antetorsion and Ext-R-antetorsion), there was no tendency in either of the two groups (Fig. [3a, c](#Fig3){ref-type="fig"}).Fig. 3The relationship between ROM and femoral antetorsion. **a** Flex-antetorsion. *Blue dots* indicate bony impingement (greater trochanter on the AIIS) and *red dots* indicate bony impingement (femoral shaft impinges on the ASIS). **b** Int-R-antetorsion. *Blue dots* indicate bony impingement (greater trochanter or femoral neck on the AIIS). **c** Ext-R-antetorsion. *Blue dots* indicate bony impingement and *red dots* indicate implant neck to bone impingement

Comparison of the ROM among three groups {#Sec11}
----------------------------------------

The low-antetorsion group included 20 hips (16 men and 4 women), the normal-antetorsion group included 23 hips (14 men and 9 women), and the high-antetorsion group included 17 hips (1 man and 16 women). The mean antetorsion was 5.9° ± 3.7° in the low-antetorsion group, 19.3° ± 4.1° in the normal-antetorsion group, and 30.6° ± 5.0° in the high-antetorsion group. In the normal-antetorsion group, the mean ROM was 115.3° ± 10.0° in Flex, 30.1° ± 11.1° in Int-R, and 61.6° ± 7.1° in Ext-R. In the high-antetorsion group, the mean ROM was 122.2° ± 6.6° in Flex, 47.8° ± 9.4° in Int-R, and 54.4° ± 8.5° in Ext-R, while it was 105.9° ± 8.8° in Flex, 18.0° ± 7.9° in Int-R, and 64.5° ± 8.0° in Ext-R in the low-antetorsion group. There were significant differences among the three groups in terms of the ROM of Int-R and Ext-R (Fig. [4a--c](#Fig4){ref-type="fig"}). Whereas, in the ROM of Flex, there were significant differences between the low-antetorsion group and the normal-antetorsion group and between the low-antetorsion group and the high-antetorsion group. As for the ROM of Flex and Int-R, the ROM was highest in the high-antetorsion group. On the other hand, the ROM of Ext-R was highest in the low-antetorsion group.Fig. 4ROM of each group. *L* indicates the low-antetorsion group, *N* indicates the normal-antetorsion group, and *H* indicates the high-antetorsion group. **a** The ROM of Flex. **b** The ROM of Int-R. **c** The ROM of Ext-R

Discussion {#Sec12}
==========

Since its development in the early 1970s, BHA has gained in popularity for the treatment of ON of the femoral head and good results have been reported \[[@CR16], [@CR21]\]. However, there are several complications in BHA. Dislocation, infection, and periprosthetic fracture are the main reasons for failure after BHA surgery. Each complication appears to have a particular risk profile. With regard to dislocation, the dislocation rate is reportedly increased by various factors such as age, medical condition, mental disorder, and surgical approach \[[@CR1], [@CR4], [@CR11], [@CR22], [@CR23]\]. In addition, anatomical factors such as acetabular measurements indicative of hip dysplasia were also reported to contribute to dislocation \[[@CR24]\].

Impingement is often the main etiology of post-surgery instability. Dislocation can occur subsequent to impingement between the components, the acetabulum, and the proximal femur. Multifold models have been developed to determine the optimal implant setting for maximizing ROM and minimizing the risk of impingement in THA; however, there has been minimal reporting on the mechanism of dislocation and the optimal setting of a femoral implant in BHA.

Nowadays, preoperative planning can be executed with high accuracy in THA, and the optimal implant orientation and impingement have been evaluated by many investigators using computerized simulation analysis \[[@CR12]--[@CR15]\]. This form of analysis offers a template of information regarding the location of the impingement region which provides feedback on the anticipated improvement in motion, in vivo. Our computer model has been used to evaluate the pattern of impingement and the resultant ROM after BHA.

In our study, bone to bone impingement or implant to bone impingement initially occurred in Flex, Int-R, and Ext-R. In THA, Bartz et al. noted three different mechanisms of dislocation: (1) prosthetic impingement, (2) bony impingement, and (3) spontaneous dislocation \[[@CR25]\]. In BHA, logically, implant impingement may not contribute to dislocation; therefore, we can classify the mechanism of impingement in BHA from this study as follows: (1) bone to bone impingement, (2) implant to bone impingement, and (3) spontaneous dislocation. This suggests that the factors of dislocation are prescribed by the implant shape, setting position of stem, head size, and hip bone morphology. Our results showed that the lower the antetorsion of the femoral implant is, the more the ROM of Flex and Int-R decreases. Whereas, high antetorsion of the femoral implant may decrease the ROM of Ext-R. However, our results also showed that even the lowest ROM of Ext-R with 10° hip extension was over 40° in patient with 43° of antetorsion. Miki et al. reported that the anatomical hip ROM in patients after THA was up to 36° in external rotation with 0° hip extension \[[@CR26]\], which means that our Ext-R ROM results were sufficient to enable everyday activities. These results indicate that lower femoral antetorsion has a risk for restricting hip ROM in Flex and Int-R due to bony impingement. However, high anteversion (\<40°) may not lead to impingement in BHA. Furthermore, the result that femoral antetorsion correlates negatively with the male gender and implant size also indicates that men with larger bone morphology have a risk for anterior impingement.

We define "anterior offset" as the distance between the line on the anterior aspect of the proximal femur and the center of the head, and it is important to retain this "anterior offset" in order to avoid bony impingement and to improve ROM of Flex and Int-R especially in patients with lower femoral antetorsion. Our results suggest that elongation of the stem offset and/or the use of a femoral implant with setting appropriate anteversion may increase the hip ROM after BHA. If bony impingement is observed as a restricting factor in these conditions, resection of the bony impingement site (the anterior aspect of the femoral neck and greater trochanter or anteroinferior aspect of the AIIS) may reduce the incidence of posterior dislocation by allowing an increase of ROM in Flex and Int-R until bony impingement. This would be of serious concern for patients with a low femoral antetorsion, and these factors can and must be taken into consideration preoperatively during the planning of BHA, especially for patients with larger bone morphology.

There were several limitations in our study. Firstly, the influence of the surrounding soft tissue was not taken into account, which may have affected the actual hip ROM. Secondly, we only analyzed the ROM until impingement. Hip dislocation involves levering the head out of the outer cup after impingement, so a larger outer head in BHA may have some advantage of reducing dislocation by way of providing a jumping distance. Thirdly, the number of patients with high antetorsion was not large enough to enable assessment of patients with excessive high antetorsion. Fourth, pelvic inclination was not taken into consideration in our study. In elderly patients, we often see the posterior tilt of the acetabulum, so an excessive antetorsion of the femur may run the risk of posterior impingement.

Conclusion {#Sec13}
==========

In summary, we demonstrated that the antetorsion of the femoral implant substantially affects ROM of Flex and Int-R especially in patients with a low antetorsion of the femur. When using cementless bipolar or unipolar hip arthroplasty to patients with low femoral antetorsion, even if the patient is with femoral neck fracture, the orthopedic surgeon should consider the possibility of impingement. Certain precautions must be followed during the operation to retain the femoral "anterior offset" by using a femoral implant with increased anteversion, cemented implant, elongation of the stem offset, and/or the resection of the bony impingement site in BHA.
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